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Summary
The III-A intermediate constitutes the major rate-
determining step in the oxidative folding of leech car-
boxypeptidase inhibitor (LCI). In this work, III-A has
been directly purified from the folding reaction and
structurally characterized by NMR spectroscopy. This
species, containing three native disulfides, displays
a highly native-like structure; however, it lacks some
secondary structure elements, making it more flexible
than native LCI. III-A represents a structurally deter-
mined example of a disulfide-insecure intermediate;
direct oxidation of this species to the fully native pro-
tein seems to be restricted by the burial of its two free
cysteine residues inside a native-like structure. We
also show that theoretical approaches based on topo-
logical constraints predict with good accuracy the
presence of this folding intermediate. Overall, the de-
rived results suggest that, as it occurs with non-disul-
fide bonded proteins, native-like interactions between
segments of secondary structure rather than the
crosslinking of disulfide bonds direct the folding of
LCI.
Introduction
Much effort has gone into identifying intermediates that
are assumed to be necessary for rapid protein folding
(Creighton et al., 1996; Creighton, 1997). However, fold-
ing intermediates are usually difficult to isolate and
characterize due to their short half-life and highly flexi-
ble/unfolded structures. A recent breakthrough in fold-
ing has come from the theoretical field because several
groups have succeeded in developing computational
approximations that are able to capture the major fea-
tures of folding processes (Alm and Baker, 1999; Galzit-
skaya and Finkelstein, 1999; Munoz and Eaton, 1999;
Guerois and Serrano, 2000). In general, these algo-
rithms can accurately predict the folding nucleus of
proteins by exploiting a tight codependence between
native state topology and folding mechanisms. A good*Correspondence: salvador.ventura@uab.es (S.V.); holak@biochem.
mpg.de (T.A.H.)qualitative agreement between predictions and experi-
ments has been found not only for two-state folding
proteins, but also for larger proteins that exhibit tran-
sient on-pathway intermediates (Clementi et al., 2000a,
2000b). Nevertheless, much of our knowledge about
folding intermediates comes from studies on the oxida-
tive folding of disulfide-containing proteins, in which
transient forms have been trapped by using the disul-
fide acid-quenching approach, analyzed by reversed-
phase high-performance liquid chromatography (RP-
HPLC), and further characterized (Creighton, 1986).
Folding intermediates of several proteins have been an-
alyzed in this way; among them are those from bovine
pancreatic trypsin inhibitor (BPTI) (Weissman and Kim,
1991), bovine pancreatic ribonuclease A (RNase A)
(Scheraga et al., 2001), and lysozyme (Radford et al.,
1992).
Leech carboxypeptidase inhibitor (LCI) is a 67-resi-
due inhibitor of A/B metallocarboxypeptidases isolated
from the medical leech Hirudo medicinalis (Reverter et
al., 1998). It folds in a compact domain consisting of a
five-stranded antiparallel β sheet and a short α helix
that are tightly stabilized by four disulfide bonds (Re-
verter et al., 2000). LCI is a potent inhibitor of plasma
carboxypeptidase B, also called thrombin-activatable
fibrinolysis inhibitor (TAFI), which is a well-known atten-
uator of fibrinolysis (Wang et al., 1998; Bouma and Mei-
jers, 2003). Our group has recently tested in vitro the
profibrinolytic activity of LCI and has proved its pos-
sible use as an enhancer of the tissue plasminogen ac-
tivator therapy of thrombosis (Salamanca et al., per-
sonal communication). Knowledge about the folding
determinants of this molecule constitutes a basis for
the development of variants with enhanced stability. In
this regard, we have described the unfolding pathway
and conformational stability of LCI and have shown
that this protein has slow kinetics of unfolding and is
highly stable (Salamanca et al., 2002). We have also
extensively characterized its oxidative folding pathway
by using structural and kinetic analysis of the interme-
diates trapped by acidification (Salamanca et al., 2003;
Arolas et al., 2004). These studies showed that reduced
and denatured LCI refolds through a rapid and sequen-
tial flow of 1- and 2-disulfide intermediates to reach a
rate-limiting step in which two 3-disulfide species (III-A
and III-B) strongly accumulate. These two intermedi-
ates contain only native disulfide bonds and act as ki-
netic traps that need major structural rearrangements
through the formation of a heterogeneous population
of 4-disulfide (scrambled) isomers to render native LCI.
III-A and III-B intermediates also transiently populate
the reductive unfolding pathway of LCI. The preliminary
structural characterization of these two intermediates
showed that III-A is a properly folded and stable spe-
cies that might have high content of native structure,
while III-B is a less-structured form.
In the present work, we report a detailed NMR struc-
tural analysis of the III-A folding intermediate of LCI.
This intermediate has been directly purified from the
oxidative folding reaction by using RP-HPLC, and its
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copy and compared to that of native LCI. The obtained
results allow us to decipher why this species acts as a
major kinetic trap in the folding process of LCI. In addi-
tion, the integration of structural data with theoretical
folding predictions provides insights into the crucial
role played by secondary structures in directing the
folding of LCI and has general implications for under-
standing the folding of other disulfide-rich proteins.
Results and Discussion
Isolation of the III-A Folding Intermediate
In the past years, several folding intermediates of pro-
Ftein models, such as BPTI, RNase A, and lysozyme,
Thave been structurally characterized. However, most of
Othese studies have been centered on the analysis of
[mutant analogs of the intermediates lacking a specific
2
disulfide bond (van Mierlo et al., 1991, 1993; Noda et m
al., 2002; Yokota et al., 2004). These analogs can be a
obtained in substantial quantities and in homogeneous t
tform, but they are not “true” intermediates in the sense
rthat they do not possess any reactive free cysteine.
tMany analogs in which the same cysteine residues
w
have been substituted with different amino acids or
have been chemically blocked differ among themselves
in stability and/or functionality (Talluri et al., 1994; Shi-
w
motakahara et al., 1997; Iwaoka et al., 1998). The diffi-
t
culty to obtain and characterize “true” folding interme-
i
diates is reflected in the fact that, to the best of our
a
knowledge, no high-resolution structures of intermedi-
m
ates directly purified from a folding reaction have been
l
reported so far, and only partial structural characteriza-
t
tions have been attained (Gehrmann et al., 1998; van
I
den Berg et al., 1999; Eliezer et al., 2000; Sato et al.,
(
2000; Cemazar et al., 2003).
t
The present work was aimed to characterize in detail
I
the structure of the major folding intermediate of LCI,
t
the III-A. For this task, LCI was expressed in E. coli as
t
uniformly 15N-labeled protein and was purified to
t
homogeneity (purity > 98%). Oxidative refolding of fully
reduced 15N LCI was carried out to generate III-A. The
RP-HPLC profiles of acid-trapped intermediates at se- R
1lected time points during folding in the absence (con-
trol −) and presence (control +) of 2-mercaptoethanol s
has a thiol catalyst are shown in Figure 1. A high degree
of heterogeneity of 1- and 2-disulfide intermediates is l
cobserved at the beginning of the folding reaction; iden-
tical RP-HPLC profiles are obtained with both refolding H
lconditions (control − and control +). This initial stage of
folding is followed by the accumulation of two major 2
hintermediates (III-A and III-B) that contain three native
disulfide bonds and act as strong kinetic traps. At this N
spoint (8 hr), the RP-HPLC patterns are still similar re-
gardless of the presence of the reducing agent. The p
dlast stage of the folding process is characterized by
accumulation of a heterogeneous population of 4-disul- s
sfide (scrambled) isomers that is more pronounced when
the refolding is performed in the absence of 2-mercap- q
gtoethanol. This reducing agent strongly promotes disul-
fide reshuffling and conversion of scrambled forms to
othe native conformation.
To isolate III-A, the reaction was acid quenched after higure 1. RP-HPLC Analysis of the Folding Intermediates of LCI
rapped by Acidification
xidative folding was carried out at 22°C in Tris-HCl buffer (0.1 M
pH 8.4]) with (Control +) or without (Control −) the redox agent
-mercaptoethanol (0.25 mM). The protein concentration was 0.5
g/ml. Folding intermediates were trapped at the noted times by
cidification and were analyzed by RP-HPLC by using the condi-
ions described in Experimental Procedures. “N” and “R” indicate
he elution positions of the native and fully reduced species of LCI,
espectively. “III-A” and “III-B” are two major intermediates con-
aining three native disulfides, and “scrambled forms” are isomers
ith four disulfides.8 hr of refolding in the absence of 2-mercaptoethanol
o avoid the presence of possible traces of scrambled
somers. The intermediate was separated by RP-HPLC
nd freeze dried after verification of its purity by treat-
ent with vinylpyridine and analysis by matrix-assisted
aser desorption/ionization-time of flight mass spec-
rometry (MALDI-TOF MS). The 1H NMR spectrum of
II-A also confirmed the homogeneity of the preparation
see Figure S1 in the Supplemental Data available with
his article online). The chemical shift dispersion of the
II-A 1H spectrum at pH 3.5 is typical for globular pro-
eins and suggests a properly folded conformation at
his pH. A low pH is a necessary condition to maintain
he III-A folding intermediate in a “quenched” state.
esonance Assignments
H and 15N NMR assignments were performed by the
tandard sequence-specific method on the basis of
eteronuclear 2D and 3D spectra of the uniformly 15N-
abeled native LCI and the III-A folding intermediate re-
orded in H2O at 27°C and at pH 3.5. The 2D 1H-15N
SQC spectra of both native LCI and III-A show excel-
ent chemical shift dispersion with few overlaps (Figure
). Excluding the N-terminal residues 1–4, which are
ighly flexible, and the 9 Pro residues, all 54 backbone
H crosspeaks could be observed in the 1H-15N HSQC
pectrum of the native LCI. For III-A, there are 53 cross-
eaks, and only residue Val51 is not observed, probably
ue to an increased flexibility in this region (see next
ections). All backbone crosspeaks were readily as-
igned to their corresponding spin system after se-
uential assignment. The list of these assignments is
iven in Table S1.
Spin systems were sequentially connected through-
ut dαN(i,i+1), dNN(i,i+1), and/or dβN(i,i+1) nuclear Over-
auser enhancements (NOEs) observed in the 2D
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1195Figure 2. 2D 1H-15N-HSQC Spectra of Uniformly 15N-Labeled Native LCI and the III-A Intermediate
(A and B) Backbone crosspeak assignments are indicated for both (A) native LCI and (B) III-A. The experiments were carried out with 1 mM
protein concentration in H2O/D2O (9:1) at pH 3.5 and 27°C.NOESY and 3D NOESY-HSQC. The entire stretch of se-
quential connectivities at the spectra was only broken
at the nine Pro residues for native LCI and also at resi-
due Val51 for III-A. The sequential assignment paths of
a region of the 2D NOESY spectra of native LCI and
III-A are shown in Figure S2). It is worth mentioning that
for native LCI most of the proton resonances are coinci-
dent with the previous assignment reported by our
group at pH 6.5 (Reverter et al., 2000). The 1H and 1H-
15N HSQC spectra of the III-A intermediate did not
change during the experiment (data not shown), indi-
cating that, as expected, intramolecular disulfide re-
arrangements did not occur to a significant extent at
the working pH.
The position of most crosspeaks in the 1H-15N HSQC
and 2D NOESY spectra of native LCI and III-A were sim-
ilar (Figure 2 and Figure S2). However, overall, smaller
crosspeak dispersion was observed for the folding in-
termediate. This indicates a less compact conformation
as compared to the native protein. Individual protein
chemical shifts depend strongly on local chemical and
electronic environments. Therefore, direct comparisons
of chemical shift data between native LCI and III-A can
elucidate local areas within the intermediate at which
differences are present. Accordingly, a comparison of
assigned backbone NH and CαH was carried out (see
Figure S3). As might be expected, the largest differ-
ences are centered in the two regions encompassing
Cys22–Arg23 and Gln57–Thr60. This can be unequivo-
cally attributed to the absence of the Cys22-Cys58 di-
sulfide bond in the intermediate.
Secondary Structure Analysis
The elements of secondary structure in native LCI and
III-A were first delineated by using information provided
by the NOE data (Wüthrich et al., 1984; Wüthrich, 1986).
For native LCI, a five-stranded antiparallel β sheet
was identified by strong, long-range interstrand dαα(i,j),
dαN(i,j) NOEs; medium-intensity interstrand dNN(i,j) NOEs;
and strong sequential d NOEs with weak or ab-αN(i,i+1)sent dNN(i,i+1) NOEs. This antiparallel β sheet involves
residues Glu7–Gln13 (β1), Gln16–Arg23 (β2), Glu33–
His37 (β3), Val51–Tyr53 (β4), and Gly56–Ile63 (β5) (Fig-
ure 3). A short stretch of strong sequential dNN(i,i+1)
NOEs, weak or absent dαN(i,i+1) NOEs, and medium-range
dNN(i,i+2), dαN(i,i+3), and dαN(i,i+4) NOEs indicated the pres-
ence of a short α helix (α1) located between residues
Pro41 and Gly46.
For the III-A intermediate, a four-stranded antiparallel
β sheet was identified by strong sequential dαN(i,i+1)
NOEs with weak or absent dNN(i,i+1) NOEs involving resi-
dues Glu7–Gln13 (β1), Gln16–Arg23 (β2), Glu33–His37
(β3), and Cys58–Ile63 (β5#) (Figure 3). Strong, long-
range interstrand dαα(i,j) contacts were found between
β3–β1 (Cys34–Cys11), β1–β2 (Ser8–Ile21, Leu10–Cys19),
and β2–β5# (Cys18–Cys62). Strong, long-range in-
terstrand dαN(i,j) NOEs were detected between β3–β1
(His37–Phe9), β1–β2 (Ser8–Cys22, Cys11–Cys19), and
β2–β5# (Gln16–Tyr65, Cys18–Ile63). Finally, medium-
intensity interstrand dNN(i,j) NOEs were identified be-
tween β3–β1 (Glu33–Tyr12, Asn35–Leu10), β1–β2 (Glu7–
Cys22, Phe9–Phe20, Cys11–Cys18, Gln13–Gln16), and
β2–β5# (Val17–Ile63, Cys19–Thr61, Ile21–Arg59). All of
these contacts were also present in the spectra of the
native LCI defining the antiparallel strands β3–β1-β2-β5.
Three main differences in terms of secondary struc-
ture could be observed between native LCI and the
III-A intermediate. First, an increased structural disor-
der is present in the region between residues Glu49–
Thr55 as compared to that in the native protein. Proton
resonances of residue Val51 cannot be observed in the
spectra of III-A. In addition, NH-NH contacts observed
in native LCI between β4–β5 are lost in the intermediate
(e.g., Val51–Cys58 and Tyr53–Gly56). This probably pre-
cludes the formation in III-A of the short strand present
in the native form (β4). Second, strand β5# of III-A (lo-
cated in the C terminus) is significantly shorter than the
corresponding strand in the native LCI (β5); in the inter-
mediate, some contacts are lost between β2 and β5#
(e.g., the NH-NH contact between Arg23–Gln57). De-
spite these missing contacts, the C terminus of the in-
Structure
1196Figure 3. Stereoview of the Structure of Na-
tive LCI and the III-A Intermediate
Ribbon representation of the calculated struc-
ture for native LCI (upper panel) and III-A
(lower panel). β strands are shown in blue, and
the α helix is shown in red. “N” and “C” indi-
cate the location of the N- and C-terminal tails
of both proteins. The disulfide bonds are
shown in yellow.termediate is far from being free; the β5# strand in the g
tintermediate is large and stable enough to keep the C
terminus tail in a proper orientation, providing the con- t
(formational rigidity needed for the binding to the car-
boxypeptidase. This explains why the inhibitory capa- d
cbility of III-A is indistinguishable from that of the native
LCI for all tested carboxypeptidases (Arolas et al., s
i2004). The last remarkable difference is the absence of
a well-defined α helix in the intermediate. However, the 3
rregion between residues Pro41–Gly46 is very similar to
a short α helix. Some strong dNN(i,i+1) and medium o
sdNN(i,i+2) NOEs are found here (e.g., Cys43–Arg44,
Arg44–Glu45, Trp42–Arg44), together with weak or ab- β
tsent dαN(i,i+1) NOEs.
w
sThree-Dimensional Structure Calculation
tThe backbone structures of native LCI and III-A inter-
emediate were calculated by using the simulated anneal-
sing method with the program CNS (Brünger et al.,
1998). The parameters describing these structures are Civen in Table 1. For native LCI, with the exception of
he five N-terminal and the three C-terminal residues,
he ensemble of 20 calculated structures is well defined
Figure 4), with an average backbone root mean square
eviation (rmsd) of 1.40 Å (residues 6–64). Figure 5 indi-
ates the rmsd of each residue in the bundle of 20
tructures, thus showing the most disordered regions
n native LCI. The 3D structure of this molecule at pH
.5 is similar to the one we reported previously at high
esolution at pH 6.5 (Reverter et al., 2000), with an rmsd
f 1.31 Å between average structures. Native LCI con-
ist of a five-stranded antiparallel β sheet with a β3-β1-
2-β5-β4 topology, and a short α helix that packs onto
he most compact part of the β structure interacting
ith the end and the beginning of the β1 and β2
trands, respectively (Figures 3 and 4). A high percen-
age of residues belong to regular secondary structure
lements (nearly 45%), which are crossconnected and
tabilized by the presence of four disulfide bonds:
ys11–Cys34 (β1–β3), Cys18–Cys62 (β2–β5), Cys19–
Structure of the Major LCI Folding Intermediate
1197Table 1. Parameters for the NMR Structure Calculation of Native
LCI and the III-A Intermediate
III-A
Native LCI Intermediate
Rms deviation from ideal geometry
Bond lengths, Å 0.0063 0.0060
Bond angles, ° 0.610 0.590
Rms Deviation from the Mean
Structure, Å
Backbone atoms (residues 6–64) 1.40 2.47
Ramachandran analysis, %
Residues in favored regions 60.5 48.5
Residues in allowed regions 33.2 40.2
Residues in generously allowed 5.4 9.5
regions
Residues in disallowed regions 0.9 1.8
Distance restraints
Total NOE distance restraints 316 325
Short range 133 128
Medium range 168 184
Long range 15 13
Hydrogen bond restraints 30 18
Number of violations >0.5 Å 0 0Cys43 (β2–α1), and Cys22–Cys58 (β2–β5). They provide
the protein with high stability and compactness.
The calculation of the structure of the III-A intermedi-
ate confirms that it also possesses a well-defined glob-
ular conformation that includes a four-stranded antipar-
allel β sheet with a β3-β1-β2-β5# topology (Figure 3).
However, some parts of the intermediate appear to be
more disordered than in native LCI (Figure 4). This is
shown by the higher average backbone rmsd value for
residues 6–64 of the 20 calculated structures: 2.47 Å.
The rmsd of each residue is shown in Figure 5 and pro-
vides evidence for the presence of highly disordered
regions, mainly between residues Arg23–Gly32 and
Arg44–Gln57. The disulfide pairings of III-A were unam-
biguously determined during 3D structure calculations
and were in complete agreement with a previous as-
signment carried out by digestion of the vinylpyridine-
derivatized intermediate with thermolysin and analysis
of the resulting disulfide-containing peptides by MALDI-
TOF MS and automated Edman degradation (Arolas et
al., 2004): Cys11–Cys34 (β1–β3), Cys18–Cys62 (β2–β5#),
and Cys19–Cys43 (β2–“α”). The missing disulfide bond
present in the native form between Cys22 and Cys58
seems to account for the lower compactness of such
an intermediate as compared to that of the native pro-
tein. However, the structural similarities between the
native protein and the III-A intermediate are striking.
Understanding the Role of the III-A Intermediate
in the Folding of LCI
In a recent study, we hypothesized that the way the
oxidative folding pathway of LCI proceeds depends on
the ability of its secondary structure elements to pro-
tect progressively native disulfide bonds from re-
arrangement in the interior of a totally or partially folded
structure (Arolas et al., 2004). This would result in a final
native structure in which disulfide bonds should be
highly protected. Our view is strongly reinforced here
by the results of amide proton exchange experiments
on native LCI and the III-A intermediate. Both formswere dissolved in D2O at pH 3.5, and several 1H-15N
HSQC spectra were recorded over time. For native LCI,
maximum exchange was achieved after approximately
10 hr, and the spectra did not significantly change after
that time point. The following protected residues were
found: Phe9–Gln13 (β1), Gln16–Arg23 (β2), Gly32, Asn35
and His37 (β3), Thr39, Cys43 (α1), Val51 (β4), Gln57–
Arg59 and Thr60–Ile63 (β5), and Tyr65 (see Figure S4).
Thus, the protected residues are located within the sec-
ondary structure elements around the cysteine resi-
dues, and this fact clearly indicates that in native LCI
the four disulfide bonds are buried and are not solvent
accessible.
For the III-A intermediate, after 15 min of exchange,
35 protected residues from all secondary structure ele-
ments were found (in the native form, there were 36
residues). As expected, residues located in highly dis-
ordered regions were already exchanged at this early
time point (see Figure S4). Similar to what occurred with
the native form, in the intermediate, maximum ex-
change was achieved after about 10 hr. The protected
residues were Phe9–Gln13 (β1), Gln16–Cys19 and Ile21–
Cys22 (β2), Asn35 (β3), and Thr60, Ile63, and Tyr65 (β5#).
Thus, in III-A, both free cysteines (Cys 22 and 58) and
the three disulfide bonds are located in protected re-
gions or close to them and therefore are either not
solvent accessible or have limited accessibility. The fi-
nal number of protected residues for native LCI and the
intermediate (27 and 15 residues, respectively) is in good
agreement with those previously found measuring the
global D/H exchange by MALDI-TOF MS (26 and 16 res-
idues, respectively [Arolas et al., 2004]). This w40% de-
crease in protected residues between native LCI and
III-A, mainly localized in the “missing” secondary struc-
ture elements of the latter (α1, β4, and β5#), is a reflec-
tion of its lower level of conformational packing.
Analogs of BPTI and RNase A intermediates that lack
only one native disulfide bond and act as major kinetic
traps along the folding process display structures sim-
ilar to the native ones (Hurle et al., 1992; van Mierlo et
al., 1994; Shimotakahara et al., 1997; Laity et al., 1997).
Here, we demonstrate that this is also the case for the
III-A intermediate of LCI. However, critical differences
among the folding pathways of these proteins are seen.
For both BPTI and RNase A, the last step in their folding
reactions consists of a direct oxidation of two free cys-
teines to form the native structure. In LCI, however, a
major disorganization of the acquired tertiary structure
(in III-A) to form a heterogeneous ensemble of non-
native 4-disulfide (scrambled) isomers seems to be
necessary before the native structure can be gained.
This was previously shown by stop/go experiments
with the III-A intermediate and scrambled isomers (Aro-
las et al., 2004). In these studies, we demonstrated that
III-A mainly converts into scrambled isomers prior to
the formation of native LCI. This reaction is not affected
by the presence of an excess of redox reagents, which
confirms that the formation of the native form by direct
oxidation of the two free cysteines in the intermediate
is very unlikely. In addition, the isolated scrambled iso-
mers were shown to reshuffle directly into the native
form. The presence of scrambled isomers as a last
productive step has been observed in the folding of
several small disulfide-rich proteins (Chang et al., 2001).
Structure
1198Figure 4. Stereoview with the Superposition of the Calculated Structures for Native LCI and the III-A Intermediate
The pictures show the backbone atoms of the bundle of lowest-energy structures calculated for native LCI (upper panel) and III-A (lower
panel). β strands are indicated in blue, and the α helix is shown in red. The N- and C-terminal tails are labeled.We have also previously postulated that III-A is a A
tmetastable form similar to what Scheraga and cowork-
ers had defined as disulfide-insecure intermediates t
s(Welker et al., 2001). In these forms, the free thiol
groups are as well protected as the disulfide bonds, i
fand they cannot simply be exposed and oxidized by a
local unfolding process, as occurs with BPTI or RNase aon-pathway intermediates. Structural fluctuations
hat expose the thiol groups are also likely to expose
he disulfide bonds and promote their reshuffling in-
tead of oxidation of the free thiols to the native pair-
ngs. The data from this work, together with information
rom the stop/go assays, confirm that III-A indeed acts
s a disulfide-insecure intermediate. Unlike in III-A, the
Structure of the Major LCI Folding Intermediate
1199Figure 5. Comparison of Local Rmsd Values for Backbone Atoms
of Native LCI and III-A
The rms deviations of the backbone atoms from the 20 calculated
structures are plotted versus the residue number (residues 6–64).
Secondary structure elements for native LCI are indicated inside
the graphic.four disulfide bonds of the unstructured scrambled iso-
mers are solvent–accessible; therefore, the addition of
a reducing agent strongly accelerates their kinetics of
reshuffling to attain native disulfide pairings and the na-
tive structure.
In BPTI or RNase A analogs, deletion of the disulfide
bond introduces only small and localized structural per-
turbations, in the vicinity of the eliminated bond, with
respect to the native form (Hurle et al., 1992; van Mierlo
et al., 1994; Shimotakahara et al., 1997; Laity et al.,
1997). In contrast, long-range effects are detected in
III-A: the α helix and β4 strand present in the native
form disappear in the intermediate, and the loop con-
necting strands β2 and β3 is distorted. In addition, a
higher degree of disorder, probably indicating higher
backbone flexibility, is detectable in some protein re-
gions when compared to those of native LCI. One of
these flexible stretches is the region around Cys43,
even if in the intermediate this residue is bonded to
Cys19. Interestingly, the other major kinetic trap of LCI
folding, III-B, lacks this disulfide bond. We have shown
by stop/go experiments that there is an interconversion
of intermediates III-A and III-B to each other and that
they reach equilibrium prior to the formation of scram-
bled isomers (Arolas et al., 2004). This disulfide inter-
change is an internal process in which all reaction
groups are protected from the exterior, since neither
the rate of interconversion nor the concentration of the
species at the equilibrium are affected by the presence
of external thiols. Minor local fluctuations due to an in-
crease of flexibility in the backbone of the involved re-
gions, such as the one observed here, may well be be-
hind this solvent-independent disulfide interchange.
Predicting the Folding Pathway of LCI
As concluded above, the III-A intermediate, represent-
ing the major kinetic trap in the oxidative folding pro-
cess of LCI, is a highly structured molecule. Several
groups have hypothesized that the folding of disulfide-
rich proteins hinges critically on their secondary struc-
ture organization (Arolas et al., 2004; Chang, 2004). Inorder to provide additional evidence for this view, we
tested whether a folding predicting algorithm, which
only uses the native structure of the protein as an input
and whose calculations are mainly based on topologi-
cal considerations, may be able to predict the presence
and the structural properties of the highest energy bar-
rier in the folding of LCI. For this task, we used the
Fold-X software developed by Serrano’s group at the
EMBL (Guerois and Serrano, 2000; Guerois et al., 2002;
Kiel et al., 2004). This algorithm, which also takes into
account sequence features underlying protein topol-
ogy, has been shown to predict even subtle differences
within protein folding pathways. In Figure 6, we show
the probability for LCI residues to be ordered during the
folding process. The first β hairpin, formed by β1, β2,
and the turn connecting them, exhibits the highest
probability to be ordered at the beginning of the folding
reaction. When the number of ordered residues in-
creases (up to 55%), folding of β3 and β5 also reaches
high probability. The association of these two regions
corresponds sharply to the native-like regions in the
III-A intermediate. Conversely, the fourth β strand as
well as the α helix exhibit very low propensity to fold.
Thus, the hierarchy of structure formation predicted
with the Fold-X algorithm provides a description of the
folding process of LCI consistent with the experimental
data and predicts the main structural features of the
highest-energy barrier in the folding reaction. Since to-
pology is characterized by the way secondary structure
elements are connected in the sequence and are orga-
nized together, and since the Fold-X algorithm does not
use the disulfide bonds as an input, this successful pre-
diction clearly indicates that secondary structure plays
a crucial role in the folding of LCI.
Conclusions
The III-A intermediate constitutes the major kinetic trap
in the oxidative folding of LCI. In this work, we have
determined its structure by NMR, and this finding repre-
sents one of the few available structural characteriza-
tions of folding intermediates isolated directly from aFigure 6. Folding Pathway Prediction for LCI
Hierarchy of structure formation for LCI computed with Fold-X soft-
ware. The residue number is reported on the vertical axis. The hori-
zontal axis corresponds to the percentage of ordered residues. The
secondary structure elements of the native protein are shown on
the left side. The color code reflects the probability for a residue to
be ordered during the folding process (dark blue corresponds to
0%, and red corresponds to 100%).
Structure
12000folding reaction. Despite the fact that this intermediate
llacks a native disulfide bond, we show that it is a highly
wstructured molecule with striking structural similarity to
P
the native state. Comparison of native and intermediate
structures allows us to decipher why III-A accumulates N
Palong the folding reaction: it acts as a disulfide-inse-
lcure intermediate, which protects both their native di-
vsulfide bonds and free cysteine residues from re-
e
arrangement and direct oxidation, respectively, in the a
interior of a highly folded protein conformation. Al- t
though III-A is a fully functional form that is formed w
wquickly and efficiently in the LCI folding process, a con-
wformational search for the formation of the last disulfide
wbond takes place while losing most of the tertiary struc-
r
ture already gained in this intermediate. The results of u
this study, together with previous stability data (Arolas 1
ret al., 2004), demonstrate that the fourth disulfide bond
irestricts conformational flexibility, allowing a net gain in
Tstability and structural specificity to the native form.
w
This assumption makes sense when taking into ac- r
count that LCI is a protease inhibitor from leech saliva m
sevolved to act in blood. In addition, here we show that
ntheoretical approximations based on topological con-
dstraints accurately predict the main characteristics of
the folding pathway of LCI. The overall data provide X
direct evidence for the importance of native-like in- S
teractions between elements of secondary structure in w
ndirecting the folding of this protein and suggest that
fthe forces governing the folding of this disulfide-rich
(protein do not differ much from those governing the c
folding of small non-disulfide bonded proteins. C
e
(Experimental Procedures
N
dSample Preparation
The synthetic gene for LCI (Reverter et al., 1998) was cloned into
Fthe pBAT4 plasmid (Peranen et al., 1996), fused in frame to the
FOmpA signal sequence for periplasmic expression. Recombinant
H15N-labeled LCI was obtained by heterologous expression in Esch-
eerichia coli strain TG1. Fresh, transformed cells were precultured
Sin LB media containing 0.1 mg/ml carbenicillin at 37°C; after 5 hr,
t
0.5 ml of culture was centrifuged at 3000 rpm for 5 min, and cells
f
were resuspended in 25 ml M9 media containing 15NH4Cl as the t
only nitrogen source and 0.1 mg/ml carbenicillin. This second pre-
n
culture was continued overnight, and the cells contained in 10 ml h
were used to inoculate 1 L of the same minimal media. Protein a
expression was induced in late phase (OD600 = 1.0) by adding IPTG f
(1 mM final concentration). LCI was purified from supernatant as e
described (Reverter et al., 1998). In summary, the protein was ini- b
tially purified by using a Sep-Pak C18 Cartridge (Waters), followed l
by anion-exchange chromatography on a TSK-DEAE 5PW column t
(Tosohaas), and by RP-HPLC on a 4.6 mm Protein C4 column (Vy- e
dac). The 15N LCI labeling was almost heterogeneous (>99%), as F
deduced by MALDI-TOF MS analysis on a Bruker Ultraflex spec- t
trometer. f
The III-A folding intermediate was produced by oxidative refold- d
ing of LCI as previously reported (Arolas et al., 2004). Briefly, native (
15N-labeled LCI was reduced and denatured in 0.1 M Tris-HCl (pH
8.4) containing 8 M guanidine hydrochloride and 50 mM dithiothrei-
tol, at 22°C for 2 hr. To initiate folding, the sample was passed S
through a PD-10 column (Sephadex-25, Amersham Biosciences), S
previously equilibrated with 0.1 M Tris-HCl (pH 8.4). Reduced and f
denatured LCI was recovered and immediately diluted to a final c
protein concentration of 0.5 mg/ml in the same Tris-HCl buffer.
Folding intermediates of LCI were trapped after approximately 8 hr A
of refolding by mixing aliquots of the sample with 2% trifluoroacetic
acid (TFA). The trapped III-A intermediate was purified by RP-HPLC W
Sby using the following conditions: solvent A was water containing.1% TFA, and solvent B was acetonitrile containing 0.1% TFA. A
inear 20%–40% gradient of solvent B was applied over 50 min,
ith a flow rate of 0.75 ml/min. The column used was a 4.6 mm
rotein C4 (Vydac).
MR Experiments and Structure Calculation
rotein samples for NMR experiments were prepared by dissolving
yophilized 15N LCI and 15N III-A in either H2O/D2O (9:1 ratio by
olume) or D2O, at a concentration of 1 mM and at pH 3.5. All
xperiments were carried out on a Bruker DRX-600 spectrometer
t 27°C. The spectrometer was equipped with a triple-resonance,
riple-gradient probe head. The TOCSY experiments (Rance, 1987)
ere performed with different mixing times between 20 and 40 ms,
hile the NOESY experiments (Kumar et al., 1980) were carried out
ith a mixing time of 120 ms. A total of 4096 complex data points
ere recorded in the time domain, t2, and 700 increments were
ecorded in the t1 domain. Water suppression was achieved by
sing the WATERGATE pulse sequence (Piotto et al., 1992). The
H-15N HSQC spectra (Bodenhausen and Ruben, 1980) were also
ecorded at the same temperature with 2048 complex data points
n the t2 domain and 128 points in the t1 domain, with 256 scans.
he 3D NOESY-HSQC spectra (Marion et al., 1989) were performed
ith a mixing time of 100 ms, and 4096 complex data points were
ecorded in the t3 domain. For the amide proton exchange experi-
ents, lyophilized samples of 15N native LCI and III-A were dis-
olved in D2O at pH 3.5, 27°C. A series of consecutive 2D hetero-
uclear 1H-15N HSQC experiments was acquired with increased
elays for up to 3 days.
The collected spectra were processed by using the standard
WinNMR software package of Bruker and were analyzed with the
PARKY software (Goddard and Kneller, 2000). Chemical shifts
ere assigned by applying a combination of TOCSY/NOESY tech-
iques (Wüthrich et al., 1984; Wüthrich, 1986). Peaks were classi-
ied according to their intensities as weak (3.8–5 Å), medium
2.8–3.8 Å), and strong (2.0–2.8 Å). A total of 20 structures were
alculated by the simulated annealing method with the program
NS (Brünger et al., 1998). Structure calculations were carried out
ssentially according to the basic protocol described previously
Holak et al., 1989; Schnuchel et al., 1993). For the final refinement,
OE tables were supplemented with constraints for several hy-
rogen bonds identified from the determined secondary structure.
olding Pathway Prediction
old-X is a program developed by Serrano’s Group at the EMBL-
eidelberg to calculate the folding pathways of proteins and the
ffect of a point mutation on the stability of a protein (Guerois and
errano, 2000; Guerois et al., 2002; Kiel et al., 2004). Fold-X exploits
he previously described correlation between protein topology and
olding mechanisms (Plaxco et al., 1998). The method is based on
wo simple assumptions: (1) only native interactions contribute sig-
ificantly to the folding process; and (2) each individual residue
as two accessible states, native and disordered. As a novelty, the
lgorithm energy function includes terms that account for the dif-
erence in solvation energy for apolar and polar groups, the free
nergy difference between the formation of an intramolecular H
ond compared to intermolecular H bond formation, and local and
oop entropy. As described by the authors, the different energy
erms taken into account in Fold-X have been weighted by using
mpirical data obtained from protein engineering experiments.
old-X uses a full atomic description of the structure of the pro-
eins. We used the available online version of the software at http://
oldx.embl.de employing the default software settings. The protein
ata bank accession number used for the calculations was 1DTV
average NMR structure of LCI; Reverter et al., 2000).
upplemental Data
upplemental Data including the list of backbone assignments and
our additional figures are available at http://www.structure.org/cgi/
ontent/full/13/8/1193/DC1/.
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